sexual reproduction, virulence gene combinations may be shuffled frequently (45) , allowing for selection of effective virulence combinations in fit backgrounds. Thus, virulence phenotypes are a more suitable method of characterizing individuals than "races," because each specific virulence phenotype may be ephemeral and there may not be a direct line of descent between individuals possessing the same virulence phenotype.
Current methods of wheat powdery mildew control are fungicides and resistant cultivars, with the majority of resistance being conferred by major resistance genes, known as Pm genes (25, 26, 34) . There are currently 53 identified alleles at 34 loci conferring resistance to wheat powdery mildew (19) . Unfortunately, knowledge of which Pm genes are present in commonly grown wheat cultivars is scattered and incomplete. Extensive production of wheat cultivars with one or a few Pm genes places strong selective pressure on the pathogen population, and copious spore production provides ample potential for mutations to virulence, resulting in rapid appearance and increase of adapted isolates (45) . Wind-aided conidial dispersal quickly spreads virulent individuals (41), leading to low durability of resistance and long-distance spread of new virulences (2, 15) .
Numerous surveys of the B. graminis f. sp. tritici population virulence have been performed in Europe (7, 16, 28, 38, 45) and several regional surveys have been done in the United States (21, 27, 32, 34, 35) . However, the most recent U.S. survey was conducted on isolates collected in 1993 and 1994 (34) . Cultivars used by growers have changed since 1994. For instance, cultivars with Pm17 (12, 13) were released in 2002 and were widely planted in the eastern United States starting in 2003. Changing selective pressures caused by widespread use of new resistance genes can rapidly alter population virulence frequencies (41) , potentially leading to a breakdown of mildew resistance such as that observed in cv. Roane in the eastern United States in the late 1990s (J. P. Murphy, personal observation) .
Wheat breeders use virulence data determined from mildew population surveys to prioritize Pm genes for incorporation into breeding materials (16) . Breeders rely on observations of field nurseries to determine the effectiveness of Pm genes, but epidemics may not occur with adequate frequency or intensity for germplasm evaluation. An up-to-date survey of eastern U.S. wheat powdery mildew virulence can assist resistance breeding by providing information for evaluation of breeding lines and can facilitate cultivar selection by growers.
Gene pyramiding is considered an important strategy in breeding for resistance to wheat powdery mildew (18) . Such pyramids are likely to be less durable, however, if virulence to the individual Pm genes has already become common, because the resistance pyramid would then rapidly select for "virulence pyramids" in the pathogen population (4) . Having up-todate virulence frequency data facilitates pyramiding of Pm genes to which virulence in the population remains rare.
Past virulence studies have indicated that the eastern U.S. mildew population is subdivided between the northeastern and southeastern states, such that virulence to individual Pm genes may differ in the two regions (24) . It is unknown whether such differences result mainly from recent appearance of resistance-breaking isolates, restricted gene flow between localities, or disparities in use of Pm genes among wheat-growing regions.
Our objectives were to (i) determine powdery mildew virulence frequencies in locations representative of eastern U.S. wheat production and compare them with frequencies reported a decade ago (34) , (ii) analyze virulence differences among geographic locations, and (iii) investigate possible associations among alleles at pathogen avirulence loci. In order to make these assessments, a collection of B. graminis f. sp. tritici isolates was randomly derived from single ascospores released from fieldsampled cleistothecia, and the isolates were tested on a set of Pm differential wheat lines in the laboratory.
MATERIALS AND METHODS
Sample collection and isolation preparation. Samples of cleistothecia on senescent wheat leaves from the eastern United States ( (Table 1) . The locations were those in which conditions were conducive to wheat mildew epidemics in those years, and the crops sampled were research plots. Cleistothecia from highly susceptible cultivars were sampled because it was assumed that those cultivars possessed either no Pm genes or only defeated Pm genes and, thus, the mildew samples would not be biased by selection for virulence. Multiple leaves were sampled from each plot and several plots were sampled in each field when possible (Table 1) . Each leaf bore numerous cleistothecia. Little is known about the spatial structuring of B. graminis populations; however, because primary inoculum is thought to consist of airborne ascospores, this sampling protocol was taken as representative of the diversity present at the sampling locations.
The method of Niewoehner and Leath (34) was modified as follows to more rapidly obtain isolates derived from single ascospores. Ascospore release was induced by placing leaves bearing cleistothecia on moist filter paper in the lid of a petri plate, and placing the plate in a growth chamber at 17°C with 12 h of light. After 4 days, detached leaves of the susceptible cvs. Jagalene (PVP 200200160) or Chancellor (CI 12333) were placed on benzimidazoleamended 0.5% water agar at 50 mg/liter under the maturing cleistothecia. After 24 h, the detached leaves were removed from beneath the cleistothecia and placed in a 17°C growth chamber with 12 h of light, and fresh detached leaves were placed under the maturing ascospores for 24 h. This process was repeated for at least 7 days to ensure that an adequate number of ascospores were allowed to germinate on susceptible tissue.
Seven days after removal from beneath the maturing cleistothecia, detached leaves were examined for mildew colonies. Under a dissecting microscope, individual colonies were subcultured using a dissecting needle to transfer conidia to fresh leaf tissue. When possible, two or three isolates were recovered from each cleistothecia-bearing leaf. Subcultured singleascospore isolates were placed in a 17°C growth chamber with 12 h of light. After 8 days, each isolate was increased on six detached-leaf petri plates. If enough conidia were not available to inoculate at least six petri plates, two or three plates Disease severity on each leaf segment was rated 8 and 9 days post inoculation using the following scale: 0 = no symptoms, 1 = faint chlorosis, 2 = chlorotic lesion, 3 = necrotic lesion, 4 = chlorotic lesion with mycelium, 5 = one or two pustules with conidia, 6 = <20% coverage with pustules, 7 = 20 to 50% coverage with pustules, 8 = >50% coverage with medium to large pustules, and 9 = approximately 100% coverage with large pustules (29) . Ratings of 0 to 3 were designated as resistant (R), 4 to 6 as intermediate (I), and 7 to 9 as susceptible (S).
Data analysis. Data were summarized in three categories (resistant, intermediately susceptible, and fully susceptible, or R, I, and S, respectively) in order to characterize both the frequencies of virulence at each location and the multilocus virulence phenotype (henceforth virulence phenotype) of each isolate. Intermediately virulent interactions were isolates that grew slowly when inoculated on a particular Pm gene but would have been rated S if allowed to grow several more days. Unless stated otherwise, all analyses were performed with intermediate reactions recoded as susceptible for ease of analysis and continuity with previous virulence studies (34) .
Possible associations of alleles at pairs of avirulence loci were investigated by conducting Fisher's exact tests on clonecorrected isolates from both years. Clone correction was performed to prevent biasing the association tests by inadvertent oversampling of particular mildew genotypes. Clone correction was carried out by counting multiple isolates from the same field plot with the same virulence phenotype as a single isolate. Both linkage and independent assortment have been found among avirulence loci in cereal powdery mildews (3, 20) . Linkage of host resistance loci also could account for associations of avirulence alleles at the corresponding pathogen loci; in this case, a pyramid of defeated resistance genes would rapidly select for multiply virulent pathogen isolates. Assuming an absence of linkage in either host or pathogen, isolates virulent at a given locus should, on average, assort 1:1 virulent:avirulent at any other virulence locus. Thus, significant deviations from 1:1 suggest linkage of loci. Fisher's exact tests also were used to determine significant differences in virulence frequencies among geographic locations by comparing the actual and expected frequencies of virulence in tests of all locations together, as well as testing each possible pair of locations.
Virulence phenotypes were analyzed using Map (1) within SNAP workbench version 1.0 (1, 36) . Virulence phenotypes were formatted in standard Phylogeny Inference Package (PHYLIP) format (8) , and were input into Map to determine frequencies of virulence phenotypes. Isolates that reproducibly generated ambiguous results (both R and S on the same differential line) on one or more differential lines were excluded from the analysis. Virulence phenotypes were also evaluated for possible resampling of clones within field plots.
Analysis of geographic differences in virulence frequencies was performed by computing Nei's standard genetic distance (G ST ; 33) between sampling locations. This was based on the assumptions that a susceptible differential-isolate interaction indicated a mutation in the avirulence gene corresponding to the respective resistance gene (9) and there were not multiple mutations for virulence to the same allele. To automate this calculation, frequencies of virulence summed over locations were input into GENDIST (8) . Rooted trees were inferred from distance matrices using NEIGHBOR with the unweighted pairgroup method with arithmetic mean (UP-GMA) and random number seed options from PHYLIP (8) . All missing data were excluded from this analysis. It was hypothesized that, as the geographic distance between locations increased, the genetic distance between the corresponding isolate populations would increase. To test whether the data were consistent with an isolation-distance model, G ST was plotted against geographic distance and a regression analysis was performed.
RESULTS
In all, 100 isolates from 2003 and 106 isolates from 2005 were recovered from cleistothecial samples (Table 1) four viable isolates could be derived in 2003 (those from Princeton, KY), and none in 2005, despite repeated efforts. Due to the low sample size for Princeton, it is omitted from all analyses. As few as 1 and as many as 12 leaves produced viable isolates from each location and year. Eight isolates reproducibly provoked inconsistent interactions (virulent and avirulent to the same differential) on one or more differential lines, a phenomenon reported by previous researchers (34) . These inconsistent interactions were treated as missing data during frequency analysis of individual virulence loci, and the isolates were omitted from analyses pertaining to virulence phenotypes.
Proportions of isolates virulent to each Pm gene are given in Tables 3 and 4 (Table 5 ). Of the 14 Pm genes screened in 2003, each mildew isolate was virulent to a minimum of 5 genes and a maximum of 11 (Fig. 2) . In 2005, isolates were virulent to a minimum of 7 and a maximum of 13 of the 16 resistance genes screened (Fig. 2) .
Possession of the same virulence phenotype, especially among isolates from the same field plot, suggests but does not prove isolate clonality. Within plots, we found varying percentages of virulence phenotype duplicates (Fig. 3) were significant differences among locations in the frequencies of virulence to 10 Pm genes (Table 4) . Felton virulence frequencies did not differ significantly from other locations in 2005 (Tables 7 and 8) , probably owing to the small Felton sample size. Plains had the largest number of virulence frequency differences (seven each with Kinston and Painter). Dendrograms for each year based on Nei's genetic distance (G ST ) matrices for frequencies at each virulence locus appear in Figure 4 . These provide a graphical representation of mildew population phenotypic similarities among locations and, as such, reflect the results of the pairwise Fisher's exact tests. Locations with greater similarity of virulence frequencies at all loci are clustered. For the 2 years combined, regression analysis of geographic distance between locations versus genetic distance between locations indicated a significant linear relationship (Fig. 5 , R 2 = 0.40, P < 0.001), suggesting isolation by distance.
Associations between alleles at pairs of virulence loci were detected by Fisher's exact tests (Table 9 ). Significant interactions between pairs of loci were categorized as positive or negative associations based on the proportion of the total found in each category. In a positive association, virulence at one locus was associated with virulence at the second locus, or avirulence was associated with avirulence (VV or AA, Table 9 ). In a negative association, virulence at one locus was associated with avirulence at the other (VA or AV, Table 9 ). If the sum of VV and AA was greater than 60% of the total, the association was positive; if greater than 60% of the total was AV and VA, the association was negative. In cases such as Pm3b/Pm20 and Pm8/Pm20, interactions were statistically significant but not clearly negative or positive because both categories were less than 60% of the total sample size. Positive associations were detected for seven pairs of loci. In the positively associated pairs Pm8/Pm17, Pm8/Pm25, Pm12/Pm17, Pm12/Pm25, and Pm17/Pm25, AA isolates are 50 to 75% of all isolates. The pairs Pm8/Pm17, Pm8/Pm25, and Pm17/Pm25 have higher proportions of AA and lower proportions of AV or VA isolates than other positively associated pairs.
DISCUSSION
This is the first survey of eastern U.S. wheat powdery mildew virulence frequencies since Niewoehner and Leath's report (34) on the 1993-94 mildew population. Given the potential of this pathogen for rapid adaptation, it was expected that significant changes in some virulence frequencies would be found. Comparison of data on isolates gathered 10 years apart indicates that virulence to some commonly used Pm genes increased, while virulence at several alleles remained low or intermediate. Perhaps the most significant change concerned the high frequency of virulence to Pm17 found in the two most southerly sampling locations (discussed below).
Most of the defeated Pm genes in our study, such as Pm2, Pm3a, and Pm5a, have been in commercial use for at least 10 years in the United States, and these genes were already ineffective at the time of Niewoehner and Leath's study (34) . Virulence to Pm4a, borne by the widely planted cv. Roane (14) , increased in North Carolina from intermediate levels in 1993-94 to high levels in 2003-04 but did not increase in Georgia, where Roane was never widely planted. There were also mixed trends in both time and space with respect to virulence to Pm4b, which is likely present in cultivars planted in the eastern United States. In 1994, Niewoehner and Leath (34) found that 62% of Georgia isolates and 81% of North Carolina isolates were virulent to Pm4b (sample sizes not given). In our survey, 41% of North Carolina isolates were virulent to Pm4b in 2003 and 100% in 2005, whereas no Pm4b-virulent isolates were detected in Georgia either year. Given the infrequent occurrence of large-scale mildew epidemics in Georgia, genetic drift due to a population bottleneck may account for the absence of Pm4b virulence detected in this survey compared with the high frequency found in the 1994 Georgia sample.
Warsaw/ Plains
Of the Pm genes used in our study, only Pm1a, Pm8, Pm12, Pm17, and Pm25 appear to remain effective in the field (authors' personal observations). Virulence data from the present survey were generally consistent with this conclusion but indicated substantially higher levels of virulence in Plains, GA to all these genes except Pm1a. Pm1a has been available in adapted germplasm in the eastern United States but likely has not been widely deployed until recently; it is currently in commercial use in the North Carolina cv. NC-Neuse (PI633037) (31) . By contrast, commercial cultivars with Pm8 have been in common use for at least 10 years in the eastern United States (34) . Pm8 is reported to be defeated in Europe (18) and China (44) .
Little or no virulence to Pm12 was detected in North Carolina or Georgia by Niewoehner and Leath (34 Due to the widespread use of cultivars containing Pm17 in North Carolina, Virginia, and Georgia, the high levels of virulence detected in 2005 in the southern part of the region are troubling and could foreshadow a loss in effectiveness of this gene.
Pm25 (37) has not yet been deployed in commercial production; therefore, the mostly low levels of detected virulence to this gene were as expected. However, the intermediate frequency of Pm25 virulence found in the Plains, GA samples suggests that this gene might be best deployed farther north in the region.
In the 1993-94 survey, virulence to Pm7 was at high levels and all but one of the isolates tested in 2003 and 2005 were virulent to Pm7. The original source of Pm7 was the breeding line 'Transec' (CI14189), a wheat-rye chromosome translocation line that was used in U.S. wheat breeding programs beginning in the late 1960s (6) . However, Pm7 appears to be associated with yield drag (18) and it has not been widely used in U.S. wheat production; therefore, the high frequency of Pm7 virulence cannot be explained by host selective pressure. It may be due to hitchhiking selection (4) or the reduced expression that can occur when a resistance gene is transferred from one species to another (18) .
The most frequent virulence phenotype comprised 7% of all survey isolates in 1993-94, with the top four genotypes accounting for 20% of the total sample (34). In our study, the top four virulence genotypes accounted for 41% of the sample. If this is a real trend, it could be explained by increasing frequencies of virulence to the most commonly deployed Pm genes. However, comparisons between the two studies should be treated with caution due to the differences in sampling methodologies and Pm genes employed.
The Fisher's exact tests and Nei's distance analyses reported in Tables 6, 7 , and 8 and Figures 4 and 5 address whether differences in virulence among U.S. wheat powdery mildew populations increase with geographic separation. We found an increase in virulence frequency dissimilarity with increasing geographic distance (Fig.  5) , although the association of genetic and geographic distance was stronger in 2005 than in 2003, likely due to the larger number of sampled locations. There are at least two possible reasons for this association: (i) differences in frequencies of commercially deployed Pm genes increase with geographic distance or (ii) mildew popula- tions are subdivided geographically, with restricted gene flow among locations. To investigate the second possibility, research is currently underway using markers that are not directly under selective virulence pressure.
Assessments of differences in virulence frequencies between locations obtained by Nei's genetic distance and Fisher's exact tests provided similar but not identical results. For example, for 2003, the dendrogram based on Nei's genetic distance indicated that the Griffin sample was the outgroup (Fig. 4) , whereas Fisher's exact analysis identified the Salisbury sample as the most different (Table 6 ). Fisher's exact test examines each locus independently, whereas Nei's genetic distance accounts for virulence frequencies at all loci in a cumulative, single estimator of distance. As such, Nei's distance is more accurate for presenting overall similarities in virulence among locations as long as the underlying assumptions are correct (constant effective population size, differences between populations arise from drift and mutation, all loci have the same mutation rate; 33).
It is puzzling that almost all cleistothecia from west of the Appalachian Mountains failed to mature and release ascospores under controlled conditions conducive to obtaining ascospores from more easterly samples, especially because the 1993-94 study did not have similar difficulties (34) . Host maturity and moisture have an important effect on whether cleistothecia become "ripe to spore" (39, 42) , and our western samples were likely collected from less mature plants than the eastern samples, because collection dates were similar. Also, nutritional deficits during early developmental stages of the "generative" (cleistotheciumforming) mycelia have been reported to prevent cleistothecia from maturing ascospores later (10) . In any case, viable conidial samples from west of the Appalachians have been obtained and will be included in future population genetic and virulence studies.
Association of alleles at avirulence loci is of interest because it can influence strategies for mildew resistance breeding. Pyramids of currently effective Pm genes for which the corresponding avirulence loci are linked (most of the Pm gene pairs with the "+" association type in Table 9 ) should be the most durable because of the low probability of a given isolate assembling virulence mutations at both or all loci, especially if virulence to each pyramided Pm gene is at a low level. Even if virulence to particular Pm genes is merely low and not absent, it may be useful to deploy such genes in combination, because the probability of the buildup of pathogen isolates with corresponding virulence pyramids is still reduced, especially if the pathogen population can be kept at relatively low levels (5). Across sampled locations, we found the lowest levels of virulence to Pm8, Pm12, Pm17, and Pm25. One isolate was fully virulent to all four genes, and seven isolates had full virulence to Pm8 and Pm12 and intermediate virulence to Pm17 and Pm25 (data not shown). We found low numbers of isolates capable of overcoming all potential two-gene pyramids except those containing Pm16 and Pm1a. The relative fitness of these multiply virulent isolates was not tested.
Also interesting are associations, either positive or negative, in which there are high frequencies of virulence to individual Pm genes but relatively little virulence at both loci, such as Pm3b/Pm8, Pm4b/Pm8, and Pm4b/Pm12. In such cases, low proportions of VV isolates could indicate a fitness cost to combining virulence mutations at the affected loci. Although new resistance genes ideally should be deployed first in pyramids, our results suggest that some pyramids of the studied Pm genes (such as the pairs with the lowest VV proportions in Table 9 ) may still be useful in pyramids, given the low levels of existing multiple virulence to them.
Virulences to Pm8 and Pm12 were positively associated, with about 60% of isolates avirulent at both loci and about 30% virulent at both loci (Table 9 ). Pm12 was introgressed from A. speltoides into the U.K. spring wheat cv. Wembley (22) . Because this gene is not known to be present in U.S. wheat cultivars, the association of Pm8 virulence and Pm12 virulence is not due to the selective effects of a resistance gene pyramid. Rather, it may be the result of pathogen genetic linkage. Positive but weaker associations were observed between virulence to Pm8 and Pm17, and also Pm12 and Pm25, suggesting that these loci may be loosely linked in the pathogen. Pm8 and Pm17 are allelic in U.S. wheat cultivars, which possess the T1BL-1RS rye (Secale cereal L.) translocation (17) ; therefore, the two alleles could be combined only if a plant were heterozygous and the alleles were codominant.
Limited knowledge regarding the identity of Pm genes present in commercial cultivars and breeding lines, combined with the lack of information on U.S. wheat mildew population structure, constrains interpretation of the virulence frequencies detected. Efforts are underway to postulate powdery mildew resistance genes present in commercial cultivars and breeding lines by molecular marker as well as by challenge with differential mildew isolates. Based on the results from cooperative uniform performance nurseries (unpublished data), we believe that few Pm genes other than those investigated in this study are present in commercial cultivars grown in the eastern United States. This underscores the need to broaden the base of powdery mildew resistance through introgression and deployment of new sources of mildew resistance, including quantitative resistance. The isolates included in this study are also being analyzed with neutral markers to expand our understanding of the evolutionary processes structuring the population. In turn, this should facilitate interpretation of virulence frequencies.
